During senescence and at times of stress, plants can mobilize needed nitrogen from chloroplasts in leaves to other organs. Much of the total leaf nitrogen is allocated to the most abundant plant protein, Rubisco. While bulk degradation of the cytosol and organelles in plants occurs by autophagy, the role of autophagy in the degradation of chloroplast proteins is still unclear. We have visualized the fate of Rubisco, stroma-targeted green fluorescent protein (GFP) and DsRed, and GFP-labeled Rubisco in order to investigate the involvement of autophagy in the mobilization of stromal proteins to the vacuole. Using immunoelectron microscopy, we previously demonstrated that Rubisco is released from the chloroplast into Rubisco-containing bodies (RCBs) in naturally senescent leaves. When leaves of transgenic Arabidopsis (Arabidopsis thaliana) plants expressing stroma-targeted fluorescent proteins were incubated with concanamycin A to inhibit vacuolar H 1 -ATPase activity, spherical bodies exhibiting GFP or DsRed fluorescence without chlorophyll fluorescence were observed in the vacuolar lumen. Double-labeled immunoelectron microscopy with anti-Rubisco and anti-GFP antibodies confirmed that the fluorescent bodies correspond to RCBs. RCBs could also be visualized using GFP-labeled Rubisco directly. RCBs were not observed in leaves of a T-DNA insertion mutant in ATG5, one of the essential genes for autophagy. Stroma-targeted DsRed and GFP-ATG8 fusion proteins were observed together in autophagic bodies in the vacuole. We conclude that Rubisco and stroma-targeted fluorescent proteins can be mobilized to the vacuole through an ATG gene-dependent autophagic process without prior chloroplast destruction.
In C 3 plants, 75% to 80% of total leaf nitrogen is distributed to mesophyll chloroplasts, and most of this nitrogen is allocated into proteins (Makino and Osmond, 1991) . The most abundant plant protein is Rubisco (EC 4.1.1.39), which catalyzes two competing reactions, photosynthetic CO 2 fixation and photorespiratory carbon oxidation. Rubisco accounts for 12% to 30% of total leaf protein in C 3 species (Evans, 1989) . The degradation of Rubisco and most other stromal proteins begins at an early stage of senescence, and the released nitrogen can be remobilized to growing organs and finally stored in seeds (Friedrich and Huffaker, 1980; Mae et al., 1983) . In addition, these proteins are also degraded under carbon-limited conditions, which are caused by darkness (Wittenbach, 1978) , and their carbon is used mainly as substrates of respiration. Despite its important function to allow nutrient recycling, the degradation mechanism is not clearly understood yet (for review, see Krupinska, 2006; Feller et al., 2008) .
Autophagy is known to be a major system for the bulk degradation of intracellular proteins, and the mechanism has been studied in depth in yeast and animals (for review, see Ohsumi, 2001 ; Levine and Klionsky, 2004) . In those systems, the cytosol, including entire organelles, is engulfed in membrane-bound vesicles that are delivered to the vacuole (yeast) or the lysosome (animals). These vesicles and contents are then degraded by a variety of resident hydrolases. There are two types of autophagy: microautophagy and macroautophagy (Klionsky and Ohsumi, 1999) . In microautophagy, the cytosol is engulfed by an invaginated vacuolar membrane. In macroautophagy, the cytosol is sequestered into a double-membrane vesicle called an autophagosome. The outer membrane of the autophagosome then fuses to the vacuolar membrane, thus delivering the inner membrane structure, the autophagic body, into the vacuolar lumen. Genetic analysis in yeast identified 16 autophagy genes (ATGs) es-sential for the formation of the autophagosome (Tsukada and Ohsumi, 1993; Thumm et al., 1994; Barth et al., 2001 ). In particular, it has been revealed that two ubiquitin-like conjugation pathways, ATG12 and ATG8 systems, are essential for autophagosome formation (Ohsumi, 2001) .
The plant vacuole, an acidic compartment that is rich in lytic hydrolases, has also been implicated in autophagy (for review, see Bassham et al., 2006) . A recent genome-wide search revealed that Arabidopsis (Arabidopsis thaliana) has many genes homologous to ATGs in yeast, suggesting that the autophagic process is highly conserved in both organisms (Doelling et al., 2002; Hanaoka et al., 2002) . Several knockout mutants of AtATG genes were isolated, and the roles of these genes were analyzed. Among AtATGs that are related to ubiquitin-like conjugation pathways, AtATG7 (Doelling et al., 2002) , AtATG4s and AtATG8s (Yoshimoto et al., 2004) , AtATG5 , and AtATG10 and AtATG12 (Suzuki et al., 2005; Phillips et al., 2008) were characterized. The results indicated that those conjugation pathways also function in plants as they do in yeast. In addition, using transgenic Arabidopsis expressing a GFP-ATG8 fusion protein, a monitoring system for autophagy in plants was established (Yoshimoto et al., 2004; Contento et al., 2005; .
The atg mutants can complete their life cycles but show accelerated leaf senescence even under favorable plant growth conditions, suggesting that autophagy plays some role even in nutrient-rich conditions. The mutants are hypersensitive to either nitrogen or carbon starvation, both of which result in an accelerated loss of chlorophyll and some chloroplast proteins (Doelling et al., 2002; Hanaoka et al., 2002; Phillips et al., 2008) . The ATG-dependent autophagic process is not essential for the degradation of chloroplast proteins; other proteolytic systems must be able to degrade chloroplast contents when the ATG system is compromised (Levine and Klionsky, 2004; Bassham et al., 2006) . However, prior experiments have not revealed whether the ATG-dependent autophagic degradation of chloroplast proteins occurs in wild-type plants.
By immunoelectron microscopy (IEM) of fixed tissues, we previously found that Rubisco is sometimes localized in small spherical bodies, named Rubiscocontaining bodies (RCBs) , that are located mostly in the cytoplasm and occasionally in the vacuole of naturally Figure 1 . Visualization of stromatargeted GFP in living leaf cells of Arabidopsis by LSCM. A, A fresh leaf excised from the plant was observed immediately. B and C, Excised leaves were incubated in 10 mM MES-NaOH (pH 5.5) with the addition of 1 mM concanamycin A (B) or 1% (v/v) dimethyl sulfoxide (C). D, Excised leaves were incubated in MS medium with 1 mM concanamycin A. Excised leaves were incubated at 23°C for 20 h in darkness. Stroma-targeted GFP appears green, and chlorophyll fluorescence appears red. In merged images, the overlap of GFP and chlorophyll fluorescence appears yellow. In C and D, merged images are shown. E, Magnification of a mesophyll cell of leaves incubated in the conditions described for B. Spherical bodies having GFP (arrowheads) were observed. The image in E was taken from Supplemental Movie S1. Bars 5 50 mm (A-D) and 10 mm (E).
senescent leaves of wheat (Triticum aestivum; Chiba et al., 2003) . RCBs are 0.4 to 1.2 mm in diameter and have a staining density similar to that of the stroma. They also contain another stromal protein, Gln synthetase (EC 6.3.1.2), but do not include thylakoid membranes. RCBs seem to be surrounded by isolation membranes, which are considered to be intermediate structures of autophagosomes, in the cytoplasm. These features indicate that only a part of the stroma is pinched off from chloroplasts and is mobilized to the vacuole for degradation, possibly by autophagy. This concept is consistent with the evidence that the chloroplast number remains constant until late in senescence but the stromal proteins are gradually degraded soon after leaf maturation (Hö rtensteiner and Feller, 2002) . Our observations clearly differ from the autophagy of whole chloroplasts, which has been reported by other researchers (Wittenbach et al., 1982; Minamikawa et al., 2001; Niwa et al., 2004) .
In this study, we aimed to examine the involvement of the ATG-dependent autophagic process on the mobilization of the most abundant stromal protein, Rubisco, and stroma-targeted fluorescent proteins as a marker for the stromal components to the vacuole via RCBs. Using transgenic Arabidopsis expressing stroma-targeted fluorescent proteins, we first visualized RCBs in living wild-type cells. The atg5 mutation, which compromises the progression of autophagy, disrupted the accumulation of RCBs. In addition, stroma-targeted DsRed and GFP-ATG8 were colocalized in spherical bodies in the vacuole. RCBs could be visualized directly by a RBCS-GFP fusion whose expression was driven by its own promoter and that is integrated into a GFP-labeled Rubisco holoenzyme. Thus, Rubisco and likely other stroma-localized proteins can be mobilized to the vacuole by the ATGdependent autophagic process without chloroplast destruction.
RESULTS

Visualization of RCBs by Stroma-Targeted GFP in Living Cells
We examined transgenic Arabidopsis in which GFP, expressed in the nucleus under the control of a double 35S promoter (Kay et al., 1987) , is targeted to the stroma of chloroplasts by a transit peptide of the Arabidopsis RECA protein (named CT-GFP; Kö hler et al., 1997; Holzinger et al., 2007) . As reported previously, GFP fluorescence was detected within chloroplasts in mesophyll cells when excised leaves of these plants were immediately observed by laser-scanning confocal microscopy (LSCM; Fig. 1A ). We treated excised leaves with concanamycin A, an inhibitor of vacuolar H 1 -ATPase, because it had previously been reported that the interior pH of the vacuole increases in the presence of this drug, resulting in an accumulation of autophagic bodies in the lumen of the vacuole (Yoshimoto et al., 2004) . When mature leaves, in which the degradation of Rubisco and major stromal proteins are already progressing, were excised from plants and then incubated in darkness in the presence of concanamycin A in a carbon-and nutrient-free medium, the GFP signal was also observed in small spherical bodies in the center of cells, in addition to broad GFP signals in the chloroplast stroma (Fig. 1, B and E). These bodies are around 1 mm in diameter and do not exhibit chlorophyll autofluorescence. These features are similar to those of the RCBs that were observed in leaf mesophyll cells of wheat fixed for electron microscopy (Chiba et al., 2003) . The small GFP-labeled bodies exhibit the random motion characteristic of Brownian movement within a cell (Supplemental Movie S1). The movement of the GFPlabeled bodies is clearly different from that caused by cytoplasmic streaming, indicating that the GFP bodies are located in the vacuole. The vacuole is the largest Figure 2 . Detection of the GFPlabeled spherical bodies in a protoplast (A) and a vacuole (B). Protoplasts were prepared from leaves that were incubated with 1 mM concanamycin A in 10 mM MES-NaOH (pH 5.5) at 23°C for 20 h in darkness. Vacuoles were released from the thermally lysed protoplasts and were fractionated by a Ficoll density gradient. Stroma-targeted GFP appears green, and images by differential interference contrast (DIC) are shown in gray. GFP bodies, indicated by arrowheads, are identical to spherical bodies that are localized in the vacuolar sap. Bars 5 25 mm.
compartment of mature plant cells, such as mesophyll cells, and may occupy as much as 80% to over 90% of the total cell volume (Matile, 1987) .
To further confirm the localization of the GFP bodies within cells, cells were released as protoplasts from leaves that were incubated in the same conditions as the leaves described in Figure 1B . GFP bodies were found in the center of a protoplast ( Fig. 2A) and exhibited Brownian movement (data not shown), as seen previously in leaves (Supplemental Movie S1). GFP bodies were also found in vacuoles that were isolated from protoplasts (Fig. 2B) . Differential interference contrast images clearly indicated that some of spherical bodies, which are localized in the vacuolar sap, are identical to the GFP bodies (Fig. 2) . The GFP bodies were rarely seen when concanamycin A was absent (Fig. 1C) . The GFP bodies are likely to be rapidly degraded in the vacuole when concanamycin A is absent. GFP bodies were not seen when leaves were incubated in Murashige and Skoog (MS) medium, which contains Suc, even in the presence of concanamycin A (Fig. 1D) .
We analyzed the leaves of CT-GFP-containing plants incubated with concanamycin A by IEM with antibodies to RbcL, the large subunit of Rubisco. Spherical bodies containing RbcL, namely, RCBs, were found in the vacuolar compartment (Fig. 3A) . In addition, double immunolabeling proved that stroma-targeted GFP was localized in RCBs as well as in chloroplasts (Fig. 3 , B and C). When the leaves of CT-GFP-containing plants were analyzed by immunoblotting with anti-GFP antibodies following SDS-PAGE, a single band of 29 kD, which corresponds to the mature form of CT-GFP after cleavage of the transit sequence, was detected irrespective of incubation conditions (Supplemental Fig. S1 ). On the other hand, a band of 37 kD that would correspond to the premature form of GFP carrying the RECA transit peptide was not found even upon overexposure of the immunoblot. These data clearly indicate that GFP bodies found in the vacuole of living cells are RCBs and must be derived from chloroplasts in which processing of the CT-GFP transit peptide has occurred.
We analyzed the amount of CT-GFP expressed in order to verify that is does not accumulate at levels unusual for genuine chloroplast proteins (Fig. 4) . Although the expression of CT-GFP is driven by a double 35S promoter, it accumulates only to approximately 1% of total soluble protein, which is much less than the amount of Rubisco, which accounts for about 50% of total soluble leaf protein. Taken together with previous observations of RCBs in senescing wild-type wheat leaves (Chiba et al., 2003) , these results make it very unlikely that RCBs found in living cells of the transgenic plants could be artifactual products resulting from the expression of a fluorescent protein in chloroplasts.
Involvement of an ATG-Dependent Autophagic Process in the Accumulation of RCBs
To clarify whether an ATG-dependent autophagic process is involved in the accumulation of RCBs, we first examined the effect of the atg5 mutation on the accumulation of RCBs in the vacuoles of living cells. We chose plants carrying the atg5 mutation because atg5-1 plants cannot form the ATG12-ATG5 conjugate that is essential for autophagy in yeast and animals and fail to accumulate ATG8-GFP-labeled autophagic bodies in the vacuolar lumen (Suzuki et al., 2005; Phillips et al., 2008) . Fluorescence of stromatargeted GFP was obvious in atg5-1 (Fig. 5A ) as well as in wild-type plants (Fig. 1A) . Immunoblot analysis revealed that there is no difference in the expression of GFP between wild-type plants and atg5-1 (data not shown). When mature leaves of atg5-1 were incubated in the presence of concanamycin A, the accumulation of spherical bodies labeled with GFP was not observed (Fig. 5B ). Many stromules (stroma-filled tubules that extend from the surface of plastids; for review, see Kwok and Hanson, 2004a; Natesan et al., 2005) appeared in mesophyll cells after incubation irrespective of the addition of concanamycin A (Fig. 5 , B-E). Such stromules were not found in similar leaves of wild-type plants (Fig. 1 , B and C). Stromules are much less common in leaf tissue than in tissue from other plant organs (Kö hler and Hanson, 2000) .
To elucidate the effect of the atg5 mutation and the leaf age on the appearance of RCBs more clearly, a statistical analysis was performed (Fig. 6 ). Under the growth conditions used, wild-type plants started to bolt at around 25 d after sowing and finally had 10 rosette leaves on average. The atg5-1 plants grew normally, as shown previously ( Fig. 6A ; , but they started to bolt around 2 d earlier than wild-type plants and finally had eight to nine rosette leaves under our growth conditions. In atg5-1 plants, the enhanced chlorosis of leaves was not observed until 30 d. We monitored the expression of two genes in order to verify that leaf senescence is progressing similarly in wild-type and atg5-1 plants in the leaves used for the examination of RCB formation. In lower leaves of atg5-1 plants at 30 d, the decline of RBCS2B transcripts, a marker for the young, photosynthetically active stage of leaf development (Hensel et al., 1993) , and the increase of SAG13 transcripts, a marker for an early stage of leaf senescence (Weaver et al., 1998) , were similar to those observed in wild-type plants (Fig. 6B) .
In wild-type plants, the appearance of RCBs was highly related to the leaf age (Fig. 6C) . In mature and early senescent leaves (leaves 6 and 4 at 30 d), in which the level of RBCS2B has obviously declined compared with the uppermost leaves (leaf 10) or expanding leaves (leaf 6 at 20 d), most mesophyll cells accumulated RCBs, as shown in the image analysis (Fig. 1B) . In contrast, RCBs were rarely seen in expanding (leaf 6 at 20 d) and young uppermost (leaf 10 at 30 d) leaves. In atg5-1 plants, RCBs were not seen at any stage of leaf development examined (Fig. 6C) .
Autophagy in plants can be monitored with the use of transgenic Arabidopsis expressing a GFP-ATG8 fusion protein (Yoshimoto et al., 2004; Contento et al., 2005; . Spherical bodies labeled with GFP-ATG8, namely, autophagic bodies, accumulate in the vacuole when roots are incubated with concanamycin A (Yoshimoto et al., 2004) . We examined leaf cells to determine whether autophagic bodies were also present in leaves in the same transgenic plants (Fig.  7) . GFP-ATG8 was predominantly cytoplasmic in both epidermal and mesophyll cells of excised leaves (Fig. 7, A and B) . When the leaves were incubated in the presence of concanamycin A, we could find many autophagic bodies in the vacuole in both epidermal and mesophyll cells (Fig. 7, C and D) . Autophagic bodies found in leaves were around 1 mm in diameter and exhibited the random motion characteristic of Brownian movement (Supplemental Movie S2). These features are similar to those of RCBs found in this study and also to autophagic bodies previously found in roots (Yoshimoto et al., 2004) , hypocotyls , and suspension cell protoplasts (Contento et al., 2005). These results confirm that ATG-dependent autophagy occurs in leaves under the conditions used in our experiments. A faint signal of GFP was also observed in the vacuolar lumen (Fig. 7D) , suggesting that some autophagic bodies are digested and the released GFP was not immediately degraded. It has been shown that vacuole-targeted GFP fluorescence is not observed because GFP is easily degraded by vacuolar papaintype Cys protease(s), which have an acidic optimum pH (Tamura et al., 2003) . However, the GFP degradation can be abolished when the maintenance of interior acidic pH of the vacuole is affected by the inhibition of vacuolar H 1 -ATPase activity by concanamycin A (Tamura et al., 2003) .
We next produced transgenic Arabidopsis expressing both stroma-targeted DsRed and GFP-ATG8 and observed the behavior of those proteins ( Fig. 8 ; Supplemental Movie S3). DsRed fused to the C-terminal end of the RECA transit peptide correctly labeled the stroma of chloroplasts (Fig. 8A) . When the leaves were incubated with concanamycin A, spherical bodies labeled with DsRed, namely, RCBs, were found in the vacuole (arrowheads in Fig. 8B ). Most of the RCBs were also labeled with GFP-ATG8, but there were also some autophagic bodies that were not labeled with DsRed ( Fig. 8B ; Supplemental Movie S3). In addition, a strong signal of GFP-ATG8 was found on a chloroplast protrusion (arrows and insets in Fig. 8B ). Some cells Figure 5 . Effect of the atg5 mutation on the behavior of stroma-targeted GFP in mesophyll cells. A, A fresh leaf excised from an atg5 mutant (atg5-1) expressing stroma-targeted GFP was observed immediately. B and C, Excised leaves were incubated in 10 mM MES-NaOH (pH 5.5) with the addition of 1 mM concanamycin A (B) or 1% (v/v) dimethyl sulfoxide (C) at 23°C for 20 h in darkness. Stroma-targeted GFP appears green, and chlorophyll fluorescence appears red. In merged images, the overlap of GFP and chlorophyll fluorescence appears yellow. No spherical bodies having GFP were observed in the vacuole of concanamycin A-treated leaves (B). Many stromules were found after incubation irrespective of the addition of concanamycin A. D and E, Magnifications of stromule-rich cells indicated by the dashed-line areas in B and C, respectively. Bars 5 50 mm.
contained aggregated structures that were strongly labeled with GFP-ATG8 and DsRed (dashed-line circles in Fig. 8 ). The aggregated structures were moving slowly in a cell (Supplemental Movie S3), indicating that these are located in the vacuole. As the aggregated structures did not exhibit chlorophyll fluorescence, these were not whole chloroplasts. These structures are probably created by the aggregation of autophagic bodies after their transportation into the vacuole. Accumulation of an aggregated form of autophagic bodies in the vacuole has also been reported previously (Liu et al., 2005) .
RCBs Can Be Visualized Directly by GFP-Labeled Rubisco
To monitor the mobilization of Rubisco to the vacuole in living cells directly, we created transgenic plants expressing a RBCS-GFP fusion under the control of its own promoter. A 2.9-kb PCR-amplified fragment containing the promoter and coding regions of the Arabidopsis RBCS2B gene was fused to the coding sequence of GFP in the pGWB4 vector ( Fig. 9A ; Nakagawa et al., 2007) . In the transgenic plants, the presence of an RBCS2B-GFP fusion protein of 43 kD, which corresponds to the mature size after cleavage of the RCBS2B transit peptide, was confirmed by immunoblotting following SDS-PAGE. The amount of the fusion protein was approximately 1% of total soluble protein (Fig. 9B) , much less than the amount of native RBCS protein that accumulates as a result of the expression of the fourmember Arabidopsis RBCS gene family (Dedonder et al., 1993) .
We investigated whether the RBCS2B-GFP fusion was integrated into the Rubisco enzyme, which is assembled from eight plastid-encoded RbcL and eight RBCS subunits, forming an L 8 S 8 molecule of 550 kD in chloroplasts of higher plants (Knight et al., 1990) . It has been shown previously that a pea (Pisum sativum) RBCS3A-cyan fluorescent protein fusion expressed under the control of a double 35S promoter can assemble into Rubisco holoenzyme and correctly label the chloroplast stroma and stromules in leaves of tobacco (Nicotiana tabacum; Kwok and Hanson, 2004b) . Upon nondenaturing PAGE of leaf extracts of Arabidopsis RBCS-GFP transgenic plants, GFP fluorescence was observed in a single sharp band that was just above the native Rubisco holoenzyme; a band at the same location reacted with both anti-RbcL and anti-RBCS antibodies on immunoblots (Fig. 9C) . As expected, no fluorescent bands were observed in wild-type plants. No fluorescent band was observed in the RBCS-GFP transgenic plants at the mobility expected for an unassembled GFP or the RBCS2B-GFP fusion protein. When the fluorescent band in the RBCS-GFP transgenic plants on nondenaturing PAGE (white arrowhead in Fig. 9C ) was excised from a gel and then applied to SDS-PAGE, the band was separated into three bands, corresponding to RbcL of 53 kD, RBCS-GFP fusion of 43 kD, and RBCS of 15 kD (data not shown). These results indicated that all Figure 6 . Effects of leaf age and the atg5 mutation on the appearance of Rubisco-containing bodies. A, Photographs of wild-type and atg5-1 plants expressing stroma-targeted GFP grown for 20 and 30 d after sowing. Rosette leaves were numbered in order of appearance. B, Expression of RBCS2B and SAG13 as marker genes for leaf age. Total RNA from leaves was isolated and subjected to semiquantitative reverse transcription-PCR using gene-specific primers. PCR products were electrophoresed, stained with SYBR Green I, and detected by a fluorescence image analyzer. 18S ribosomal RNA was used as an internal control. C, Percentage of mesophyll cells accumulating Rubisco-containing bodies. Excised leaves were incubated in 10 mM MES-NaOH (pH 5.5) with 1 mM concanamycin A at 23°C for 20 h in darkness. Four quadrangular regions (318 mm 3 318 mm each, containing 120-470 mesophyll cells) per leaf were monitored by LSCM, and the number of cells accumulating Rubisco-containing bodies was counted. Values (percentages) are given as means 6 SE (n 5 5). Statistical analysis was performed by ANOVA followed by Tukey's test. Values with the same letters are significantly different from each other at P , 0.05. of the RBCS2B-GFP fusion proteins are integrated into Rubisco holoenzymes in leaves. In the transgenic plants, the GFP fluorescence was specifically localized in chloroplasts in mesophyll cells (Fig. 10A) . There was no obvious GFP fluorescence in nongreen plastids of leaf epidermis and root (data not shown). These results confirmed that the RBCS2B-GFP fusion is correctly expressed under the control of the RBCS2B promoter.
When mature leaves of RBCS-GFP transgenic plants were incubated in the presence of concanamycin A, accumulation of small spherical bodies having GFP fluorescence (i.e. similar to the RCBs seen in CT-GFP leaves; Fig. 1B) was observed (Fig. 10B) . In contrast, the accumulation of GFP bodies was not observed in leaves of atg5-1 plants expressing the RBCS2B-GFP fusion (Fig. 10C) . These results further support the mobilization of Rubisco to the vacuole via RCBs by ATGdependent autophagy.
DISCUSSION
In this study, we succeeded in visualizing RCBs in the vacuoles of living cells. The atg5 mutation, which compromises the progression of autophagy (Suzuki et al., 2005; Phillips et al., 2008) , disrupted the accumulation of RCBs. GFP-ATG8 was colocalized with stroma-targeted DsRed in spherical bodies in the vacuole. Taken together, these data clearly indicate that Rubisco and stroma-targeted fluorescent proteins are partially mobilized to the vacuole in vivo and that this process requires ATG-dependent autophagy.
Based on the experiments reported in this study as well as results from our previous electron microscopic study (Chiba et al., 2003) and a number of related reports concerning the autophagic process, a proposed mechanism of the mobilization of Rubisco and possibly other stromal proteins to the vacuole for degradation is presented (Fig. 11) . The electron microscopic study showed that RCBs in the cytoplasm are surrounded by membrane structures, which are morphologically considered to be isolation membranes characteristic of macroautophagy (Chiba et al., 2003) . RCBs in the cytoplasm contain stromal proteins, RbcL, RBCS, and Gln synthetase, but do not contain thylakoid proteins, light-harvesting chlorophyll a/b protein of PSII, a,bsubunits of coupling factor 1 of ATPase, and cytochrome f (Chiba et al., 2003) , suggesting that only the stromal portion of chloroplasts is incorporated into RCBs. The mobilization of RCBs by an ATG-dependent system to the vacuole is supported by our finding that GFP-ATG8, which is a marker for isolation membranes, autophagosomes, and autophagic bodies, was colocalized with stroma-targeted DsRed in the autophagic body (Fig. 8) and that the atg5 mutation disrupted the accumulation of RCBs (Figs. 5, 6 , and 10).
The RCBs accumulated in the vacuole only when the vacuolar lytic activity was suppressed by the addition of concanamycin A (Fig. 1) . In the ATG-dependent system, the outer membrane of an autophagosome fuses with the vacuolar membrane and the inner membrane structure, the autophagic body, is released to the vacuolar lumen and is rapidly disintegrated (Ohsumi, 2001) . Therefore, under the usual cellular status in which the vacuolar lytic activity functions normally, RCBs should be rapidly destroyed and the stromal protein contents will be released and degraded by vacuolar proteases, as shown previously (Thayer and Huffaker, 1984; Bhalla and Dalling, 1986; Yoshida and Minamikawa, 1996) .
In addition to its localization on autophagic bodies found in the vacuole, GFP-ATG8 fluorescence was observed on a chloroplast protrusion (Fig. 8) , which might be an incipient stromule, such as those occasionally seen in wild-type mesophyll cells. We propose that a chloroplast protrusion or stromule might be sequestered from the main chloroplast body by an isolation membrane and thus generate an RCB, namely, an autophagosome containing a stromal portion of chloroplasts. The RCBs could then be transported into the vacuole and degraded by various vacuolar proteases. At present, the origin and the organization of isolation membranes are not fully understood even in yeast (Ohsumi, 2006; Suzuki and Ohsumi, 2007) .
The release of stromal portions from plastids for degradation may possibly be one of several physiological functions of stromules. In cinephotomicrographic and video microscopic studies, chloroplast protuberances have been observed to segment into vesicular structures (Wildman et al., 1962; Gunning, 2005) . The release of bodies approximately 1.5 mm in diameter from the ends of stromules has been observed (Gunning, 2005) . In transgenic plants expressing stroma-targeted GFP, GFP bodies of similar size, which are presumably separated from plastids or stromules, have also been observed by LSCM (Arimura et al., 2001; Waters et al., 2004) . Like RCBs, stromules in leaf cells do not contain detectable chlorophyll, and thylakoid membranes have not been seen within stromules visualized by electron microscopy (Köhler et al., 1997; Holzinger et al., 2007) . Cyan fluorescent protein-labeled Rubisco is present in plastid stromules and can traffic between plastids (Kwok and Hanson, 2004b) . Interestingly, stromules were frequently found in mesophyll chloroplasts in atg5-1 but not in wild-type plants after incubation in starvation conditions (Figs. 1 and 5) . In general, stromules are abundant on chlorophyll-free plastids, such as those in roots, petals, and suspension-cultured cells, and are rarely seen on mesophyll chloroplasts (Kö hler et al., 1997; Kö hler and Hanson, 2000) . Perhaps chloroplast protrusions and stromules cannot be sequestered by isolation membranes in atg5-1 cells, in which the ATG-dependent autophagy is compromised, consequently leading to an increase in stromule length and frequency. Alternatively, perhaps some stress caused by the disruption of the autophagic pathway results in an increase in the formation of stromules.
In yeast, the nucleus has been observed to be partially engulfed by the vacuole, a phenomenon termed ''piecemeal microautophagy'' of the nucleus (Roberts et al., 2003) . Recently, partial engulfment of the endoplasmic reticulum by autophagosomes was shown in yeast (Hamasaki et al., 2005) . However, organelles such as mitochondria and peroxisomes in yeast are entirely engulfed by the vacuole in microautophagy or entirely sequestered into autophagosomes, which then fuse with the vacuole in macroautophagy (Takeshige et al., 1992; Tuttle and Dunn, 1995) . In cotyledons of germi- Figure 8 . Localization of stromatargeted DsRed and the GFP-ATG8 fusion protein in living leaf cells. A, A fresh leaf excised from a plant expressing both stroma-targeted DsRed and GFP-ATG8 was observed immediately. B, Excised leaves were incubated in 10 mM MES-NaOH (pH 5.5) with the addition of 1 mM concanamycin A at 23°C for 20 h in darkness. Stromatargeted DsRed appears red, and GFP-ATG8 appears green. In merged images, the overlap of DsRed and GFP-ATG8 appears yellow. Stroma-targeted DsRed and GFP-ATG8a were colocalized in a chloroplast protrusion (arrows), and free spherical bodies (arrowheads) and aggregated structures of spherical bodies were in the vacuole (dashed-line circles). Insets show magnifications of the chloroplast protuberance. The images in B are taken from Supplemental Movie S3. Bars 5 25 mm.
nated Vigna mungo seeds, microautophagy of a whole starch granule and macroautophagy of a whole mitochondrion were observed . It was reported that abnormal plastids can be removed, possibly by autophagy, in cotyledon cells of Arabidopsis mutants lacking AtTIC40 (Niwa et al., 2004) .
At the leaf stage used in this study, autophagy of whole chloroplasts (i.e. mobilization of them to the vacuole), which is monitored by differential interference contrast imaging and chlorophyll autofluorescence, was not observed even in the presence of concanamycin A. Why would chloroplasts be partially rather than fully degraded by autophagy? One possible explanation is that the autophagic machinery induced by starvation does not have sufficient size capacity to sequester whole chloroplasts. Chloroplasts are normally above 5 mm in size and are much larger than mitochondria or peroxisomes. Plant autophagic bodies found in roots were approximately 1.5 mm in size and contained mitochondria, endoplasmic reticulum, and Golgi bodies (Yoshimoto et al., 2004) . Autophagic bodies found in leaf cells were also this size (Fig. 7, C and D) and, therefore, not large enough to engulf a 5-mm chloroplast. It could also be advantageous for a starving plant to reutilize materials from chloroplast proteins without destroying whole chloroplasts. If environmental conditions improve, then a chloroplast that has undergone only loss of some protein content could be rejuvenated and resume normal function. Furthermore, when only a portion of the content of a chloroplast is removed by autophagy, some basal functions of the chloroplast could be maintained under starvation conditions.
In the atg5 mutants, a gradual loss of Rubisco subunits occurred during the extended dark treatment . We found that Rubisco also decreases during natural senescence in the atg mutants (H. Ishida, S. Wada, M. Izumi, and A. Makino, unpublished data) . These results indicate that chloroplast proteins can be degraded by other mechanisms, such as plastid-localized proteases (Sakamoto, 2006) , even if autophagy is disrupted. We observed that selective attenuation of the Rubisco degradation occurs in senescent leaves of the RBCS antisense rice (Oryza sativa; Ishizuka et al., 2004) . In addition, we observed specific Figure 9 . Transgenic Arabidopsis expressing GFP-labeled Rubisco by the RBCS promoter. A, Organization of the RBCS2B-GFP fusion construct. Black bars represent exons. Numbers indicate nucleotide positions from the translation initiation codon (ATG). HPT, Hygromycin phosphotransferase; LB, left border; NosP and NosT, promoter and terminator sequences of nopaline synthase; NPTII, neomycin phosphotransferase; RB, right border; sGFP, synthetic GFP with the S65T mutation; 35S, cauliflower mosaic virus 35S promoter. B, SDS-PAGE analysis of the RBCS2B-GFP fusion. Total soluble proteins (10 mg for gel stain, 1 mg for immunoblotting) extracted from fresh leaves expressing the RBCS2B-GFP fusion (RBCS-GFP) and from fresh leaves of wild-type Columbia (wild type) as a control and a dilution series of a known amount of recombinant GFP (rGFP; amounts indicated in nanograms) were separated by SDS-PAGE and either stained with Coomassie Brilliant Blue R250 (gel stain) or analyzed by immunoblotting with anti-GFP or anti-RBCS antibodies. White arrowheads indicate the mature form of RBCS2B-GFP after cleavage of the RBCS2B transit peptide. C, Nondenaturing PAGE analysis of the RBCS2B-GFP fusion. Total soluble proteins (10 mg for gel stain and GFP fluorescence, 1 mg for immunoblotting) extracted from fresh leaves expressing the RBCS2B-GFP fusion (RBCS-GFP) and from fresh leaves of wild-type Columbia (wild type) as a control and 0.5 mg of recombinant GFP (rGFP) were separated by nondenaturing PAGE and stained with Coomassie Brilliant Blue R250 (gel stain), analyzed by an image analyzer (LAS-3000) to detect GFP fluorescence, or analyzed by immunoblotting with anti-RbcL or anti-RBCS antibody. Black arrowheads indicate native Rubisco holoenzyme, and white arrowheads indicate GFP-labeled Rubisco holoenzyme. The sizes of molecular mass markers (M. M.; kilodaltons) are indicated at left of the stained gels (B and C).
degradation of Rubisco by reactive oxygen under chilling-light conditions (Nakano et al., 2006) . These previous findings as well as our current results indicate that chloroplast protein degradation in vivo is a complex and highly regulated phenomenon that merits further investigation.
RCBs were originally identified in naturally senescing wheat leaves by IEM (Chiba et al., 2003) . To visualize RCBs accumulated in the vacuole, we used a 20-h dark treatment of detached leaves with concanamycin A in the absence of sugar. The accumulation of RCBs in the vacuole was mainly found in mature and senescent leaves and was rarely observed in young or expanding leaves under these conditions (Fig. 6 ). These observations are in agreement with prior findings that the degradation of Rubisco occurs mainly in mature and senescent leaves (Mae et al., 1983) . RCBs started to accumulate in the vacuole after around 8 h in this condition (data not shown), while at night, leaves attached with seedlings are often in the dark for 10 h in the growth conditions used here. Therefore, our studies are also suggestive of a role of RCBs in the natural senescence of Arabidopsis, but further careful experimentation will be needed to understand the physiology of chloroplast stromal recycling by autophagy during the normal life cycle of the plant.
Even when mature leaves were incubated with concanamycin A, few RCBs were detected in the presence of Suc-containing MS medium (Fig. 1D) . It was previously shown that the rate of the Rubisco degradation is accelerated under conditions of carbon or nutrient deficiency (Wardley et al., 1984; Ferreira and Teixeira, 1992) . Similarly, plant autophagy is also stimulated under carbon-or nutrient-deprived conditions (Aubert et al., 1996; Moriyasu and Ohsumi, 1996; Yoshimoto et al., 2004; . In fact, several Arabidopsis mutants with disruptions in the autophagic pathway have shown accelerated leaf senescence and could not survive under severe starvation conditions (Doelling et al., 2002; Hanaoka et al., 2002; Xiong et al., 2005; Phillips et al., 2008) . It was reported that atg5 mutants die after 6 d of darkness, which is tolerated by wild-type Arabidopsis . These results suggest that the degradation of stromal proteins by the ATGdependent autophagic pathway via RCBs makes a contribution both to the recycling of nutrients for growing tissues and to the retention of chloroplast function under such stress conditions (i.e. carbon or nutrient deficiency rather than natural senescence). A reutilization of nutrients from chloroplast proteins without destroying whole chloroplasts is probably essential for Figure 10 . Visualization of Rubiscocontaining bodies by GFP-labeled Rubisco. A, A fresh leaf excised from an RBCS2B-GFP transgenic plant (wildtype background) was observed immediately. B and C, Excised leaves from the RBCS2B-GFP transgenic plants of wild-type background (B) or atg5-1 background (C) were incubated in 10 mM MES-NaOH (pH 5.5) with the addition of 1 mM concanamycin A at 23°C for 20 h in darkness. GFP appears green, and chlorophyll fluorescence appears red. In merged images, the overlap of GFP and chlorophyll fluorescence appears yellow. Bars 5 50 mm.
light-and nutrient-limited plants. Examining the effect of nitrogen limitation and other stresses on whole plants with regard to RCB formation and mobilization will be valuable to understand the relative importance of the degradation pathway we have described.
MATERIALS AND METHODS
Plant Materials and Growth Conditions
Transgenic Arabidopsis (Arabidopsis thaliana) ecotype Columbia expressing stroma-targeted GFP (CT-GFP) was created as described previously (Köhler et al., 1997; Holzinger et al., 2007) . The construct consists of the transit sequence from the Arabidopsis RECA gene fused to the S65TmGFP4 coding region, driven by a double cauliflower mosaic virus 35S promoter. The plasmid for generating transgenic Arabidopsis expressing the stroma-targeted DsRed was constructed in a similar manner. The DsRed2 coding region from pGDR (Goodin et al., 2002) was fused in-frame with the RECA transit peptide sequence and cloned into the XbaI and SstI sites of the pBI121 binary vector. The construct was introduced into Arabidopsis ecotype Wassilewskija by the floral-dip method for Agrobacterium tumefaciens-mediated transformation in planta (Clough and Bent, 1998) . Seeds of a T-DNA knockout mutant of ATG5 (atg5-1; SAIL_129_B07.v1) were obtained from the Nottingham Arabidopsis Resource Centre. Transgenic Arabidopsis Wassilewskija plants expressing a GFP-ATG8a fusion protein were described previously (Yoshimoto et al., 2004) . Transgenic Arabidopsis with atg5-1 background expressing stroma-targeted GFP and transgenic Arabidopsis ecotype Wassilewskija expressing both the stroma-targeted DsRed and the GFP-ATG8 fusion protein were obtained by sexual crosses. Arabidopsis transgenic plants expressing RBCS2B-GFP fusion were created as follows. A DNA fragment that starts from the 5# region 2,138 bp upstream of the translation initiation site and terminates just before the stop codon of RBCS2B was amplified from the Arabidopsis genomic DNA by PCR using the primers 5#-CACCATTCTTGCCTTTGGTTCTCTAATGAAAG-3# and 5#-AGCTTCGGTGAAGCTTGGG-3# and cloned into pENTR/D/ TOPO vector (Invitrogen). The coding region was transferred to the pGWB4 vector (Nakagawa et al., 2007) by an LR recombination reaction. The construct was introduced into Arabidopsis (wild-type Columbia and atg5-1 background) as described above. All plants were grown on soil (Metro-Mix 350; Sun Gro Horticulture) at 23°C on a 14/10-h photoperiod with fluorescent lamps in a growth room for 3 to 5 weeks.
Concanamycin A Treatment
To visualize RCBs and autophagic bodies, mature leaves were cut from plants, washed with 70% (v/v) ethanol and then with sterile water, infiltrated by a syringe briefly in solutions consisting of 10 mM MES-NaOH (pH 5.5) or a standard MS medium containing Gamborg's vitamins with 2% (v/v) Suc, either in the presence or the absence of 1 mM concanamycin A (Wako), and incubated at 23°C for 20 h in darkness. A stock solution of concanamycin A was made to 100 mM in dimethyl sulfoxide. Protoplasts were prepared from the concanamycin A-treated leaves by the procedure of Asai et al. (2000) , except that 1 mM concanamycin A was added to each preparation medium. Vacuoles were prepared from the protoplasts by the procedure of Robert et al. (2007) .
Image Analysis with LSCM
LSCM was performed with a Nikon C1si system equipped with a CFI Plan Apo VC603 water-immersion objective (numerical aperture 5 1.20; Nikon). Leaves were mounted on slides with coverglasses. Both GFP and chlorophyll were excited with the 488-nm line of a multi-argon ion laser, and emission of GFP and chlorophyll was detected between 500 and 530 nm and over 650 nm by a multichannel detector with filters, respectively. There is no fluorescence bleedthrough between GFP and chlorophyll channels at the range of a laser power and gain used for image analysis (Supplemental Fig. S2 ). For observation of leaves expressing both the GFP-ATG8 fusion protein and stromatargeted DsRed, GFP was excited with the 488-nm line of a multi-argon ion laser and DsRed was excited with the combination of the 488-nm line of a multi-argon ion laser and the 543-nm line of a helium-neon laser. The fluorescence spectra between 500 and 650 nm were then obtained at 5-nm resolution by a spectral detector, and separated signals of GFP and DsRed were obtained by an unmixing program using Nikon C1si software. Each experiment was performed at least three times using independent samples, and representative data are shown.
Protein Analysis
Leaves were homogenized in HEPES-NaOH (pH 7.5) containing 14 mM 2-mercaptoethanol and protease inhibitor cocktail (Complete Mini; Roche) in a chilled mortar and pestle. Total soluble proteins in extracts were quantified by Bradford assay (Bio-Rad) and mixed with an equal volume of SDS sample buffer consisting of 200 mM Tris-HCl (pH 8.5), 2% (w/v) SDS, 0.7 M 2-mercaptoethanol, and 20% (v/v) glycerol, boiled for 3 min, and then subjected to SDS-PAGE. Nondenaturing PAGE was performed as described previously (Ishida et al., 1999) , except that a 4% to 12% gradient gel (Invitrogen) was used. GFP fluorescence on nondenaturing gels was detected by LAS-3000 (Fujifilm) equipped with a blue-light-emitting diode (460nmEPI) and a band-pass filter for GFP (510DF10). Immunoblotting was performed as described previously (Xu et al. 2006 ) with a mouse anti-GFP monoclonal antibody (Nacalai) and antiRbcL and anti-RBCS antibodies prepared from rabbit anti-rice (Oryza sativa) Rubisco antiserum by affinity purification using RbcL and RBCS purified from wheat (Triticum aestivum) leaves as ligands, as described previously (Ishida et al., 1997) . Signals were developed with horseradish peroxidase-conjugated secondary antibodies and chemiluminescent reagent (Pierce) and detected by ImageQuant400 (GE Healthcare).
IEM
IEM was performed with a transmission electron microscope (H-8100; Hitachi) operated at 75 kV as described in detail previously (Chiba et al., 2003) with the anti-RbcL antibodies described above and rabbit anti-GFP antibodies (Invitrogen). Our affinity-purified anti-RbcL antibodies are highly specific for RbcL (Ishida et al., 1997; Kokubun et al., 2002; Nakano et al., 2006) . Double immunolabeling was performed using a silver-enhancing kit (BB International) according to the manufacturer's instructions. Using this silver-enhancing technique, since the shell of metallic silver covers both the first gold particles and the absorbed protein or IgG and protects the first immunoreagent from cross-reacting with the second one, two different primary antibodies raised in the same animal and the same secondary antibody can be used (Manigley and Roth, 1985) .
Statistical Analysis
To examine the effects of leaf age and the atg5 mutation on the accumulation of RCBs, corresponding leaves in order of appearance from five Figure 11 . Proposed model of the degradation of Rubisco and possibly other stromal proteins by ATG-dependent autophagy via RCBs. Under the starvation conditions that induce autophagy, a stromule protruding from a chloroplast is sequestered by an isolation membrane. The RCB, namely, an autophagosome containing stromal contents from the chloroplast, is formed and transported into the vacuole. The RCB is degraded by vacuolar proteases.
independent wild-type and atg5-1 plants expressing stroma-targeted GFP at 20 and 30 d after sowing were collected and treated with concanamycin A as described above. After the treatment, each leaf was divided into four parts and a quadrangular region at the center of each part (318 mm 3 318 mm each), which covers 30 to 120 mesophyll cells depending on leaf age, was monitored by LSCM with a CFI Plan Fluor 403 objective (numerical aperture 5 0.75; Nikon) for 1 min (69 scans) and time-lapse images were obtained. The number of total cells and the number of cells containing RCBs were counted on the images. Statistical analysis was performed by ANOVA followed by Tukey's test using JMP6 (SAS Institute).
Semiquantitative Reverse Transcription-PCR Analysis
Total RNA was isolated from leaves using the RNeasy plant mini kit (Qiagen). Isolated RNA was treated with DNase (DNA-free; Ambion) prior to the synthesis of first-strand cDNA by the SuperScript III first-strand synthesis system for reverse transcription-PCR with oligo(dT) 20 primer (Invitrogen). cDNA from 0.3 mg of total RNA was used as template for each 100-mL PCR. Gene-specific primers used for PCR were 5#-ACCTTCTCCGCAACAAGTGG-3# and 5#-GAAGCTTGGTGGCTTGTAGG-3# for RBCS2B (Acevedo-Hernández et al., 2005), 5#-CAGCTTGCCCACCCATTGTTA-3# and 5#-GTCGTACGCA-CCGCTTCTTTCTTA-3# for SAG13 (Barth et al., 2004) , and QuantumRNA 18S internal standards for 18S ribosomal RNA (Ambion). PCR was terminated after 12 cycles for RBCS2B, 18 cycles for 18S ribosomal RNA, and 26 cycles for SAG13.
Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1 . SDS-PAGE and immunoblot analysis of chloroplast stroma-targeted GFP.
Supplemental Figure S2 . Separation of GFP fluorescence and chlorophyll autofluorescence by LSCM.
Supplemental Movie S1. Movement of GFP-labeled spherical bodies in living cells of leaves of CT-GFP plants treated with concanamycin A and incubated in nutrient-free medium for 20 h in darkness.
Supplemental Movie S2. Movement of autophagic bodies in living cells of concanamycin A-treated leaves from transgenic plants expressing GFP-ATG.
Supplemental Movie S3. Visualization of stroma-targeted DsRed and GFP-ATG8 in living cells of concanamycin A-treated leaves.
